anal yzed. Experimental data are presented in terms of the dynamic measurements. The influence of extraneous scattering is evaluated and an indication of a method for reducing errors due to extraneous scattering is given.
I. INIRODUCTION
Free space forward scattering measurements from a generalized test object present many unique problems which are not found in other types of scattering measurements. A recently conducted program for the measurement of forward scattering by struts for a microwave reflector antenna [ l ] demanded the development of an extremely sensitive method to measure forward scattering, inasmuch as the scattered field was relatively weak.
Although in this case the test objects were long thin metallic cylinders of square and circular cross sections, the technique is applicable to any kind of a test object.
The induced-field-ratio (IFR) is defined as the (complex) ratio of the forward-scattered field from a scatterer immersed in an incident plane wave to the field radiated by a planar aperture of the same cross section illuminated by the same wave. It is thus directly proportional to the forward scattered field, and provides a standard, normalized complex parameter useful in the characterization of forward scattering. In the "optical" limit, the IFR of a test object approaches unity in magnitude and 180" in phase. In its customary two-dimensional sense, the IFR of an infinite conducting cylinder of arbitrary cross section immersed in a normally incident plane wave polarized parallel to the axis of the cylinder (E-wave case) is
where p',& are integation variables, dS' is the differential path length around the periphery, Zo 120n, Eo is the intensity of the incident field, W is the maximum width of the cylinder transverse to the wave normal and Jsz is the induced, axially flowing, surface current density on the cylinder [l] . Similarly, for the H-wave case
where Ho is the intensity of the incident magnetic field, a, is the wave-normal direction, n is the surface normal, and JSr is the induced, circumferential flowing, surface current density on the cylinder.
The measurement of two-dimensional scattering parameters of metallic cylinders of arbitrary cross section is best carried out for E-polarization in a parallel-plate waveguide. An alternative scheme for both E-and H-polarization is the use of a threedimensional scattering range using relatively narrow-beam horns which do not significantly illuminate the ends of long thin scatterers used to represent the infinite structure [2] . This three-dimensional technique has been used by the authors to determine the IFR of square and circular cylinders.
To provide useful results it was necessary to place confidence in the measurements to within 0.05 dB of attenuation and 0.05" of phase. Thus, it became necessary to analyze the effects of 1) multiple scattering between the test object and the receiving horn and 2) extraneous scattering, i.e., reflections from the walls, floor, and ceiling of the radio anechoic chamber. The following sections will discuss the measurement technique, whereby the test object is moved continuously in a central region between the two horns. It will be shown that this dynamic method eliminates the influence of multiple scattering and thereby increases measurement accuracy. Furthermore, an analysis of the effect of extraneous scattering will be included as a means of indicating, under worst-case conditions, the uncertainty of the measured IFR values. In addition to this, it will be indicated how the influence of extraneous scattering may be reduced if necessary.
To the knowledge of the authors the presented use of the moving-target technique for measurement of forward scattering is new. However, it should be mentioned that different other uses of the moving-target techniques in both backscattering and bistatic scattering measurements have been used in the past [3 I-I. 11. ANALYTICAL FORMULATION When the cylindrical test object is located approximately midway between coaxial transmitting and receiving horns (see Fig. 1 ) it may be shown that, to the extent that the cylinder is long in terms of wavelength and that end effects may be neglected 11 1 9 where Ei is the direct field of the transmitting horn incident on the receiving horn, E, is the field of the induced currents on the cylinder, qo and q, , ' are the distances from the transmitting horn to cylinder axis and from receiving horn to cylinder axis, respectively. This expression is valid for both polarizations. As will be shown in Section V, when extraneous signals may be neglected, the field ratio in ( Since Aa may be only a very small fraction of a decibel and Ad only a few degrees, the bracketed expression in (4) is subtracting two very nearly equal quantities. Therefore the resulting IFR's are highly susceptible to measurement errors. The remainder of this paper deals with a method by which the effects of these measurement errors may be reduced.
EXPERIMENTAL SETUP
The experiments are carried out in a radio anechoic chamber as shown in Fig. 1 . The test object is mounted in a support placed below the base level of the floor absorbers. The support is placed on a cart which rolls on rails as shown in Fig. 2 . It is seen that a frequency stabilized signal is guided to a transmission test unit which is connected to transmitting and receiving horns. Furthermore, the transmission test unit is connected to a network analyzer. By means of this analyzer, amplitude and phase changes in the transmission link between the two horns can be observed on the meter. Moreover, the analyzer delivers a dc signal proportional to the amplitude or phase indication depending on the mode of operation selected. By means of a dc chopper-amplifier this signal is introduced into a recorder. The chart of this recorder is coupled to the movements of the rolling cart by means of a synchro.
In principle the measurements are carried out in the following manner. Without the test object in its support, the rolling cart is moved about two wavelengths and the levels of amplitude and phase are recorded. Then the test object is inserted, the rolling cart is moved again, and the new levels of amplitude and phase are recorded. As illustrated in Fig. 2 , the amplitude change Aa and phase change A b caused by the test object -can be found from the recordings. In order to find Arx and Ad, the chart of the recorder is calibrated using phase and gain verniers of the network analyzer. The component of the measured signal and the reduction of data are described in the next sections.
IV. THE MEASURED SIGNAL
In Fig. 3 is shown the measured signal without and with the test object inserted between the transmitting and receiving horns. The measured signal E,' without the test object consists of the incident field Ei from the transmitting horn to the receiving horn and the extraneous scattered field E:, i.e., the reflections from the walls, floor, and ceiling of the anechoic chamber. The incident field Ei varies in the usual manner with the distance between the two horns. Since E, ' consists of reflections from the different parts of the chamber, E, ' varies in a complicated manner with the position of the receiving horn.
As described in the previous section, the amplitude and phase changes of the measured signal are recorded when the test object is inserted. It appears in Fig. 3(b) that under this condition, the measured signal E, ' = E,,,'e-%-j*$ consists of the following four components.
1) The incident field Ei described above.
2) The extraneous scattered field E> from the walls, floor, and ceiling of the anechoic chamber. The difference between E: and E,' is due to the change in illumination of the lining of the anechoic chamber caused by the insertion of the test object. However, usually there will not be a significant difference between E," and E:. 3) The field E, scattered from the test object.
4) The component E,, due to multiple scattering between the horns and the test object.
We have not made a detailed and general analysis of the influence of all the possible multiple scattering components between the two horns and the test object. However, as described below, we have observed that by moving the test object, the received signal varies similarly to a standing wave curve. This variation is attributed to multiple scattering. For example, multiple scattering between the two horns may cause a standing wave and thus the illumination of the test object may vary with the position of the test object. In fact, it seems likely that a major contribution to E,, is a reflection between the receiving horn (including its support), the test object, and back to the receiving horn. This conclusion has been reached by analyzing variations in the recorded values of IEI,IOI when the following movements were carried out:
1) movement of the test object;
2) movement of the receiving horn with and without the test object inserted.
Furthermore, for the purpose of enhancing multiple scattering in order to determine its source, metal plates have been mounted temporarily near the horns during some of the movements. Only in the cases where the test object was inserted and a metal plate was placed near the receiving horn, the variations in I E, : I were increased (compared to variations without a metal plate). In addition to this, it should be mentioned that by inserting an isolator in the transmitting horn line, it was found that reflections between the cylinder and transmitting horn have no detectable influence on our results in the actual setup, i.e., there is a high degree of isolation between the transmitting channel and the receiving channel. It should be emphasized that the influence of multiple scattering may vary with the type of experimental setup. A first attempt to a more detailed analysis would be to probe the field between the two horns without. the test object inserted.
In order to describe the nature of the recorded variations in and the manneI in which the influence of E,, was eliminated, it is convenient to refer to Fig. 3(b) . When the test object is moved a short distance, Et does not change, and E, only has small amplitude changes. These changes and the Variations in E: can be neglected. Thus, there will only be a variation i n lEl:I due to changes in Er0, i.e., E,, goes in-and out-of-phase with the sum of the remaining components. As shown in Fig. 4(a) the result is that a curve similar to a standing wave curve is recorded when the test object is moved. In the case where the receiving horn is moved when the test object is inserted, all four components of E, , ' vary in amplitude and phase. As shown in Fig. 4(b) , the curve recorded for !Emo\ in this case has a sloping character due to the decrease in IEil with increasing distance between the two horns.
Movement of the test object furthermore causes the oscillatory phase characteristic seen in Fig. 4(a) due to the interference of E,, (small) with the constant sum of the remaining components (large). On the other hand, movement of the receiving horn introduces approximately 360" of linear phase change for every wavelength of movement.
Thus, due to the regular character of the recorded curves when the test object is moved, the influence of E,, can be eliminated, simply by averaging the amplitude and phase curves.
v. REDUCTION OF RECORDED DATA
In order to determine the IFR of the test object, the amplitude and phase of Emi and Emo are recorded during a movement of about two wavelengths. An example of recorded data is shown in Fig. 5 . Without the test object inserted, of course, a movement of the cart is not required. However, instead of a point, it is convenient to have a line indicating the level of iEmil and arg Furthermore, the levels of and arg Emi are recorded just before and after the recordings of the curves for I €, ; ! and alg Elno. This is not shown in Fig. 5 , but is done in order to check the stability of the experimental setup for each determination of Aa and A#.
Without the test objects mounted in its support (see Fig. 3 )
and with the test object inserted
By averaging the curves for ;EmoI and arg E,,,' as indicated in Fig. 5 , the influence of the multiple scattering component E,, is essentially eliminated. Thus, setting E,, = 0 and introducing Ax and A # as shown in Fig. 5 , we find from Fig. 3 . ( 5 ) and (6) .
(Ei + Et)e-aae-jas = Ei t E: t E, 
7.52
Since E," is of the same magnitude as E,' and Aa may be close to 0 dB, a rough estimation of the influence of extraneous reflections in the worst-case can be made from by properly choosing the introduced phase 8. In the present measurements it was found by moving the receiving horn that 2(jE;l;jEi]) 2: 0.006. This means that, in particular for the larger cylinders, the extraneous reflections can be neglected, and it is found that For all cylinders, we decided to use (4) and (10) for the determination of IFR and to use (4) and (9) to evaluate the influence of extraneous reflections and experimental uncertainties in ha and AI$, see next section.
. At this point it should be mentioned that in cases where 2(lE~l/lEil) is known for the test range, (9) can be used to determine the smallest measurable (IFRI for given measurement accuracy. However, it should also be noted that the influence of extraneous scattering can be reduced by carrying out dynamic measurements for several fixed positions of the receiving horn and averaging the results. Of course, this will be a rather lengthy process and our resources did not extend so far.
VI. RESULTS
Figs. 6 and 7 are plots of the measured and theoretical IFR magnitudes for a square cylinder for both E-and H-polarization.
The error flags were determined from (9) by using 2(!E:l/iEii) = 0.006 and estimated experimental uncertainties of 0.05 dB and 0.05" in AE and AI$, respectively. It is seen that the error ilags, with one or two exceptions, overlap the theoretical curves.
Comparison of these dynamic results with comparable measurements made for a fixed test object yields the results shown in Tables I and 11 . The peak deviation between measurement and theory, and the average of the magnitude (regardless of sign) deviation are tabulated. The average deviation are generally slightly less in the dynamic measurements. However, the peak deviations are significantly less (except for the H-polarization, circular cylinder). This indicates that a measurement with a fixed test object will occasionally produce data strongly involving multiple scattering signals, i.e., a test point lying in one of the hills or valleys shown in the curves of Figs. 4 and 5.
VII. CONCLUSIONS
The dynamic method for the measurement of forward scattering in a radio anechoic chamber provides a method to discriminate against undesired multiple scattering. This technique is applicable to highly sensitive measurements requiring measured fields accurate to within 0.05 dB and 0.05" of phase. Agreement between experiment and theory will generally average 2-3 percent, with rare peak deviations as large as 1&12 percent. The influence of extraneous scattering is evaluated and a method to reduce the influence of the extraneous scattering is suggested.
